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Abstract. Recent Lattice QCD (LQCD) studies suggest that there are missing resonances in
the strange sector of the Hadron Resonance Gas (HRG) model. By adopting the continuous
Hagedorn mass spectrum, we present how different medium compositions influence the HRG
predictions of conserved charge fluctuations. It is shown that missing strange resonances
may be partially accounted for by applying the Hagedorn mass spectrum extracted from
experimentally established hadrons. On the other hand, the strange-baryonic spectra, extracted
from LQCD results for fluctuations, are found to be consistent with the unconfirmed states in
the Particle Data Group (PDG) database, whilst the strange-mesonic spectrum points towards
yet-undiscovered states in the intermediate mass region.
1. Introduction
The confined phase of QCD, the theory of strong interactions, is commonly modeled with
the Hadron Resonance Gas (HRG) [1]. Its predictions of the QCD equation of state at
finite temperature were confirmed by Lattice QCD (LQCD) findings [2, 3, 4]. Recent LQCD
results for fluctuations of conserved charges, however, have pointed to limitations in the
HRG description [5]. In particular, HRG results for the baryon-strangeness correlations and
strangeness fluctuations are below those from LQCD (Fig. 1), whilst the results for the
equation of state and baryon number fluctuations remain in agreement. The discrepancy in
the strange-hadronic sector of HRG was attributed to missing resonances in the Particle Data
Group (PDG) database [6].
To quantify the LQCD equation of state in the confined phase, many extensions of HRG
were proposed. One such extension, which gained a lot of attention over the years due to
its simplicity and pertinence in phenomenology of particle production, assumes an asymptotic
continuous exponential mass spectrum. It was introduced by Rolf Hagedorn in the context of
the Statistical Bootstrap Model [7, 8] and then explored within many others.
The experimental PDG spectrum, unlike the Hagedorn one, saturates at ∼ 2.5 GeV. This
may be due to the complicated decay properties and large widths of the heavy resonances, which
make their final assessment and experimental confirmation challenging. Hence, the Hagedorn
mass spectrum, because of its asymptotic behavior, accounts for possible undiscovered heavy
resonances.
In this contribution, we study whether the inclusion of the heavy resonances, by adopting the
Hagedorn mass spectrum, can reduce or resolve the disparities between the HRG and LQCD
results on baryon-strangeness and strangeness fluctuations. In order to identify the possible
origins of the missing resonances, we study the influence of different medium compositions on
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Figure 1. Lattice QCD results of HotQCD [3] and Budapest-Wuppertal Collaboration [4]
for: (a) baryon-strangeness correlations, (b) strangeness fluctuations. Also shown are the HRG
results for the discrete mass spectrum (dashed line), continuous mass spectrum obtained by
fitting to the PDG (broken-dashed line) and LQCD results (continuous line).
fluctuations of conserved charges. In particular, we compare the predictions of the HRG model
and its extended version with the continuous Hagedorn mass spectrum, extracted from the
experimentally established discrete PDG spectra and LQCD results on the baryon-strangeness
correlations and strangeness fluctuations.
2. Hadron Resonance Gas and Hagedorn mass spectrum
In the confined phase of QCD, at finite temperature and density, the effective degrees of freedom
are hadrons and their resonances. In the simplest form of the HRG model, the interaction effects
and resulting widths of hadrons and resonances are neglected, and the medium constituents are
treated effectively as point-like and independent [1]. Therefore, all the information about the
medium composition enter through the mass spectrum. In this contribution, we consider the
continuum-extended Hagedorn mass spectrum [9], namely
ρ(m) =
∑
i
diδ(m−mi) + ρH(m)θ(m−mx), where ρH(m) = A e
m/TH
(m2 +m20)
5/4
. (1)
The factor di = (2Ji + 1) is the spin degeneracy of particle i with mass mi, less than the mass
of the first resonance mx. TH is the Hagedorn limiting temperature, A and m0 are additional
free model parameters. Noting the mass spectrum in Eq. (1) is additive, it can be decomposed
into a sum of mesonic and baryonic contributions, as well as a sum of particles with definite
quantum numbers. Here we assume that the Hagedorn temperature is the same for all different
quantum number sectors [9].
In the grand canonical ensemble, the total thermodynamic pressure of an uncorrelated gas
of particles (and antiparticles) is given by
Pˆ ≡ P
T 4
= ±
∫
dm ρ(m)
∫
dpˆ
2pi2
pˆ2
[
ln
(
1± λe−ˆ
)
+ ln
(
1± λ−1e−ˆ
)]
, (2)
where pˆ = p/T , mˆ = m/T , ˆ =
√
pˆ2 + mˆ2 and ± sign refers to baryons and mesons respectively.
The fugacity term reads λ = exp (BµˆB + SµˆS +QµˆQ), where µˆ = µ/T . For particles with
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Figure 2. Cumulative PDG mass spectra [9] of strangeness −1 (dashed line) for baryons (a)
and mesons (b). Also shown are the cumulative spectra that include the unconfirmed states
(doubly broken-dashed line). The broken-dashed lines and the continuous lines are obtained by
fitting the continuous spectra to the PDG and to LQCD results respectively. The errors in the
continuous lines come from the fitting procedure in the latter case [9].
B = S = Q = 0, the antiparticle term must be neglected to avoid double counting. Note that
the mass spectrum ρ(m) in Eq. (2) is a model dependent quantity. This allows us to study the
effects of different medium compositions.
In the HRG model, the second order fluctuations of conserved charges are probed by general
susceptibilities, i.e., by taking the second derivatives of Eq.(2), with respect to the chemical
potential, namely
χˆxy =
∂2Pˆ
∂µˆx∂µˆy
∣∣∣∣∣
µˆx=µˆy=0
, (3)
where (x, y) are conserved charges, which, for our purpose, we restrict to the net-baryon number
B and net-strangeness S.
To study the implications of different medium compositions on the observables, we consider
a comparison of the predictions of the discrete mass spectrum, obtained by neglecting the
continuous part of Eq.(1) (scheme I), with the predictions of the Hagedorn mass spectrum,
extracted from the PDG (scheme II) and from the lattice results on χˆBS and χˆSS (scheme
III). For scheme I, we take all the established hadrons from the PDG database. Matching
the Hagedorn spectrum to the LQCD results in scheme III was performed with the additional
assumption that all the missing strange contribution in the baryonic sector comes solely from
the |S| = 1 sector [9].
In Fig. 1, we compare obtained results for the baryon-strangeness correlations χˆBS and
strangeness fluctuations χˆSS. The corresponding cumulative spectra are shown in Fig. 2. The
discrepancies between the HRG and LQCD results for the baryon-strangeness correlations and
strangeness fluctuations are clearly visible in scheme I (Fig. 1). The spectra extracted in scheme
II show that they can be, partially, resolved only at sufficiently high temperatures. This finding
already indicates the existence of additional resonances, in the intermediate mass region of
the PDG data, that could contribute substantially, due to their lower masses. The matching
performed in scheme III shows that the disparities can be completely resolved. Moreover,
the corresponding |S| = 1 baryonic spectrum, shown in Fig. 2(a), follows the trend of the
unconfirmed states in the PDG. However, the |S| = 1 mesonic spectrum obtained in scheme
III, shown in Fig. 2(b), exceeds that of the PDG, even after the inclusion of the unconfirmed
states. This may suggest the existence of still unobserved resonances in the strange-mesonic
sector below 2 GeV.
3. Conclusions
Motivated by the recent Lattice QCD (LQCD) results on the baryon-strangeness correlations
and strangeness fluctuations, which suggest the existence of unconfirmed resonances in the
strange sector of the Hadron Resonance Gas (HRG), we compared the influence of different
medium compositions on the HRG results. In particular, we compared the predictions of the
experimentally established discrete mass spectrum with the continuous Hagedorn mass spectra,
obtained from the fit to the PDG and to the LQCD observables.
We have shown that the continuous Hagedorn mass spectra, extracted from the PDG data,
partially remove the disparities with the lattice results. On the other hand, the Hagedorn
mass spectra, matched to LQCD results for fluctuations, not only remove those differences but
also point to existence of extra states in the strange-hadronic sector. As a result, the extracted
strange-baryonic spectrum is consistent with the trend dictated by the unconfirmed states in the
PDG. For the strange-mesonic spectrum, however, it suggests the existence of yet-undiscovered
states in the intermediate mass region.
Nonetheless, one has to remember that, in the HRG model, the contribution to χˆBS and χˆSS
comes only from the hadronic sector with open strangeness, whilst, in general, the contribution
from the non-strange sector is also possible.
Morevoer, the point-like approximation for broad resonances is known to overestimate
their contribution to the observables. Hence, they have to be treated with great care when
implemented in effective models [10, 11, 12]. Further investigation and new LQCD results are
needed to clarify these issues.
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